The moisture content of the honey samples was obtained by measuring the refractive index at 20 • C using a digital refractometer (3T Atago Abbe refractometer, Atago Co., Tokyo, Japan). The water content and • Brix concentration were determined based on a Chataway table. [21] Each measurement was taken in duplicate.
INTRODUCTION
Knowledge about the rheological behaviour of viscous food stuff is useful in quality and process control, the calculation of energy requirements, and the selection of suitable processing equipment. [1] Recently, the influence of temperature on the flow behaviour of honey varieties has been studied; [2−17] however, there are few articles related to the effect of temperature on the viscoelastic behaviour of honeys. [18] In particular, little information is available on the viscoelastic properties of Spanish honeys with different botanical origins.
The purpose of this study was, on one hand, to observe the influence of temperature and total soluble content on viscosity and the loss modulus of different honeys and, on the other hand, to obtain a polynomial model that could explain the behaviour of viscosity and the loss modulus as a function of the chemical composition (sugars, moisture, etc.) and temperature.
Sugar Determination
Glucose, fructose, and sucrose in honey samples were measured using a HPLC 10ADVP-Shimadzu, with RI-detector, according to a method described by Bogdanov. [21] The linear regression factor of the calibration curves was higher than 0.9982 for all sugars. Sugars were quantified by comparison of the peak area obtained with those of standard sugars. The results for each sugar were expressed as g/100 g. Values of parameters were expressed as the mean and standard deviation to a confidence interval of 95% for the mean.
Viscoelastic Measurement
The dynamic rheological properties of honey samples were obtained with a RheoStress 1 rheometer (Thermo Haake, Germany) at different temperatures (5, 10, 15, 20, 25, 30 , and 40 • C), using a parallel plate system (Ø 60 mm) at a gap of 500 µm. A batch of each composition was prepared and at least two measurements were performed on each batch, using a fresh sample for each measurement. After loading the sample, a waiting period of 5 min was used to allow the sample to recover itself and to reach the desired temperature. In order to determine the linear viscoelastic region, stress sweeps were run at 1 Hz first. Then, the frequency sweeps were performed over the range w = 0.62-62.83 Hz at 1 Pa stress. The 1 Pa stress was in the linear viscoelastic region. Rheowin Job software (v. 2.93, Haake) was used to obtain the experimental data and to calculate storage (or elastic) modulus (G ), loss (viscous) modulus (G ), and complex viscosity (η * ).
Statistical Analysis
The variables were weighted with the inverse of the standard deviation of all objects in order to compensate for the different scales of the variables. The proposed models have been made up using SPSS trial version, Excel 2007, Statgraphics trial version, and Design Expert trial version.
To verify the suitability of the models, the mean relative deviation modulus D (Eq. 1) was calculated:
( 1 )
RESULTS AND DISCUSSIONS
Physicochemical parameters of honey are summarised in Table 1 . The moisture content ranged between 15.60-19.10 g/100 g and met the threshold requirement of moisture content required by the Codex Alimentarius (max. 20 g/100 g). [22] Sugars represent the main components of any type of honey. Reducing sugars (invert sugar), mainly fructose and glucose, are the major constituents of honey but small quantities of sucrose are also present. [23] The actual proportion of fructose to glucose, in any particular honey, depends largely on the source of the nectar. [7−9] The total content of glucose and fructose was over 60 g/100 g of honey, in accordance with the 2001/110/CE Directive. The fructose/glucose ratio was calculated for all samples. This ratio gives information about the crystallization state of honey: when fructose is higher than glucose honey is fluid. In all of the cases, this ratio was higher than 1 (Table 1) , which was confirmed by the crystallization state of the mentioned honey sample; all of the honeys were in a liquid state. For the rheological characterization of honey, the F/G ratio must be higher than 1; if not, the rheological parameters could not be determined due to crystallization of the honey. Figure 1 presents a typical rheogram of a honey sample in a 0.10-10 Hz frequency domain at 5-40 • C; it shows the changes in storage modulus (G ) and loss modulus G with the frequency, while the viscosity is not influenced by the shear stress. All of the samples analysed exhibited a Newtonian behaviour (Fig. 1c ). The rheological parameters (G , G η) increased with the increment of the frequency applied to the sample, showing that G had a greater magnitude than G . All the viscoelastic parameters are positively influenced by the • Brix concentration. In general, G is less important than G due to its low value with respect to G (G > G ) as indicated by Doublier and Cuvelier. [24] Therefore, the elastic behaviour of honey seems to be less important than its viscous behaviour, as noted by Yoo. [18] The rheological properties of honey can also be affected by additional factors, such as sugars and other polymeric compounds in the honey. [4, 8] In particular, the sugar content (glucose and fructose) can greatly affect the rheological properties because these sugars have different rheological behaviours. The models used for predicting the loss modulus and viscosity (with respect to temperature and concentration), presented below, use the magnitude of the two parameters at 1 Hz. 
Viscosity Modeling
Influence of temperature. The influence of temperature on honey viscosity is described by the Arrhenius model (Eq. 2):
where η 0 is a constant, R is the gas constant [kJ·mol −1 ·K −1 ], E a is activation energy (is an energy barrier to flow) [kJ·mol −1 ], and T is absolute temperature [K]. The activation energies (E a ) values ( Table 2) calculated by the Arrhenius model ranged between 90.78-100.28 kJ/mol. The magnitude of η influenced the activation energy magnitude. Effect of concentration. The increase of honey viscosity with soluble solid content (C, • Brix) can be described by power-law (Eq. 3):
and exponential models (Eq. 4): [24, 25] 
where η 1 , η 2 , a 1 , a 2 are constants, and C is the concentration in • Brix. In order to calculate the model constants, the viscosity data were fitted to Eqs. (2) and (3) by nonlinear regression. The resulting values of the constants are presented in Table 3 . The coefficients of regression (R 2 ) are fairly similar, so the two models are suitable for describing the effect of the soluble solids on honey viscosity. Taking into account the mean relative deviation, it seems that the exponential models are suitable for predicting the influence of the concentration on the magnitude of viscosity. For a given temperature, the activation energy for flow depends on the soluble solid content, which can be described by several models. [26] Two models similar to Eqs. (5) and (6) were used:
where A 1 , A 2 , B 1 , and B 2 are constants. The E a values and their respective concentrations were fitted to Eqs. (5) and (6) by nonlinear regression to determine the model parameters. The calculated parameters for these models are given in Table 4 . The coefficients of regression (R 2 ) of the two models proposed above are the same. Computing the mean relative deviation (Eq. 1) of the activation energies, it was observed that the exponential model was better than the power law model in describing the dependency of E a on • Brix concentration. η
Combined Effect of Temperature and Concentration
For practical applications, it is useful to obtain an equation describing the combined effect of temperature and concentration on viscosity. [27] The combined influence of temperature and concentration on honey viscosity is represented in Fig. 2 . The following models for viscosity (Eqs. 7 and 8) were investigated:
The viscosity, concentration, and temperature data were fitted to these models by nonlinear regression and the values of the model constants were determined. The values of these constants are summarised in Table 5 . The viscosity predictions with temperature and • Brix concentration achieve coefficients of regression between 0.67 and 0.77. The mean relative deviation D certifies that the suitable model corresponds to Eq. (7) . Therefore, for the interval of • Brix concentrations and temperatures (T) studied, the following equation (Eq. 9) is proposed to evaluate honey viscosity: η = 7.14 · 10 −19 · exp(0.16 * C + 76406/RT). 
Polynomial Modeling of Viscosity
The data model regarding the prediction of honey viscosity according to its chemical composition (fructose, glucose, sucrose, sugars (the difference between • Brix concentration-reported as dry matter-and the sum of fructose, glucose, and sucrose), non-sugars components (the difference, reported to 100 g, between 100 g and the sum of moisture content and • Brix concentration), moisture content, and temperature was made using a 3rd grade polynomial equation with seven variables. The measured and predicted values have been compared to check the suitability of the model. The equation of the model is shown below (Eq. 10):
where η pred is the loss modulus predicted, b 0 is a constant that fixes the response at the central point of the experiments, b i is regression coefficient for the linear effect terms, b ij is interaction effect terms, b ii is quadratic effect terms, and b iii is cubic effect terms. The operating region and the levels of the design variables (key factors) are given in actual and coded values as shown in Table 6 . Based on the design variables (Table 6 ), a 3rd order polynomial equation with seven variables for viscosity was obtained as follows (Eq. 11):
The coefficient of regression of the proposed model represents 99.91% (R 2 adjusted 99.84%). The model is a significant one (P = 0.001). In Fig. 3 , the measured and predicted values of viscosity are plotted.
Loss Modulus Modeling
Influence of temperature. The influence of temperature on honey loss modulus is described by the Arrhenius model (Eq. 12): where G 0 is a constant, R is the gas constant [kJ·mol −1 ·K −1 ], E a activation energy (it is an energy barrier to flowing) [kJ·mol −1 ], and T is absolute temperature [K]. The activation energy (E a ) values (Table 7) , calculated by the Arrhenius model ranged between 80.82-95.05 kJ/mol. The magnitude of G influenced the activation energy magnitude. The activation energy is negatively correlated with moisture (r = −0.85).
Effect of Concentration
The increase of honey loss modulus with soluble solid content (C, • Brix) can be described by power-law (Eq. 13):
and exponential models (Eq. 14): [24, 25] 
where G 1 , G 2 , b 1 , b 2 are constants, and C is the concentration in • Brix. In order to calculate the model constants, the loss modulus data were fitted to Eqs. (13) and (14) by nonlinear regression. The resulting values of the constants are presented in Table 8 . The coefficients 2236 OROIAN ET AL. Table 8 Effect of • Brix concentration (C) on the honey loss modulus at different temperature (T). of regression (R 2 ) are fairly the same so the two models are suitable for describing the effect of the soluble solids on honey loss modulus. Taking into account the mean relative deviation, it seems that the exponential models are suitable for predicting the influence of the concentration on the magnitude of loss modulus. For a given temperature, the activation energy for flow depends on soluble solid content, which can be described by several models. [26] Two models similar to Eqs. (15) and (16) were used:
Power law model
where A 1 , A 2 , B 1 , and B 2 are constants. The E a values and their respective concentrations were fitted to Eqs. (15) and (16) by nonlinear regression to determine the model parameters. The calculated parameters for these models are given in Table 9 . The coefficients of regression (R 2 ) of the two models proposed above are the same. Computing the mean relative deviation (Eq. 1) of the activation energies, it was observed that the exponential model was better than the power law model in describing the dependency of E a on • Brix concentration. 
Combined Effect of Temperature and Concentration
For practical applications, it is useful to obtain an equation describing the combined effect of temperature and concentration on honey loss modulus. [27] The combined influence of temperature and concentration on honey loss modulus is presented in Fig. 4 . The following models for loss modulus (Eqs.17 and 18) were investigated:
The loss modulus, concentration, and temperature data were fitted to these models by nonlinear regression and the values of the model constants were determined. The values of these constants are summarised in Table 10 . The loss modulus predictions with temperature and • Brix concentration achieve coefficients of regression between 0.65 and 0.75. The mean relative deviation D certifies that the suitable model corresponds to Eq. (17) . Therefore, for the interval of • Brix concentrations and temperatures (T) studied, the following equation (Eq. 19) is proposed to evaluate the loss modulus (G ) of honeys: G = 2.23 · 10 −10 · exp(0.19 * C + 71630/RT). 
